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Africa	 since	 the	 earliest	 domestication	 of	 cattle	 more	 than	 10,000	years	 ago.	




and	taurine	cattle	were	domesticated	 in	the	 Indus	Valley	and	Fertile	Crescent,	 re-
spectively;	however,	an	additional	domestication	event	 for	 taurine	 in	 the	Western	
Desert	 of	 Egypt	 has	 also	 been	 proposed.	 We	 analysed	 medium	 density	 Illumina	
Bovine	SNP	array	(~54,000	loci)	data	across	3,196	individuals,	representing	180	tau-
rine	and	indicine	populations	to	investigate	population	structure	within	and	between	
populations,	 and	 domestication	 and	 demographic	 dynamics	 using	 approximate	
Bayesian	 computation	 (ABC).	 Comparative	 analyses	 between	 scenarios	modelling	
two	and	three	domestication	events	consistently	favour	a	model	with	only	two	epi-
sodes	and	suggest	that	the	additional	genetic	variation	component	usually	detected	







of	 domestic	 cattle.	 This	 study	 therefore	 helps	 to	 clarify	 the	 effect	 of	 past	 demo-
graphic	history	on	the	genetic	variation	of	modern	cattle,	providing	a	basis	for	further	
analyses	exploring	alternative	migratory	routes	for	early	domestic	populations.
K E Y W O R D S
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1  | INTRODUC TION
Between	 the	 late	 Pleistocene	 and	 early	Holocene,	 the	most	 com-
monly	 occurring	 cattle	 species	 was	 the	 aurochs	 (Bos primigenius),	
ranging	from	northern	Africa	to	both	the	Atlantic	and	Pacific	coasts	
of	Eurasia	(Zeuner,	1963).	This	formerly	widespread	wild	species	re-
cently	became	extinct,	with	 the	 last	 recorded	herd	 found	 in	1627	
AD	in	Poland	(Götherström	et	al.,	2005).	Similar	to	sheep	and	goats,	
archaeological	and	genomic	evidence	suggests	that	the	ancestors	of	
taurine	cattle	 (Bos taurus)	were	domesticated	 from	Bos primigenius 
primigenius	 in	the	Fertile	Crescent	during	the	Neolithic,	more	than	
10,000	years	ago	 (YA;	Bruford,	Bradley,	&	Luikart,	2003;	Ajmone-	
Marsan,	 Garcia,	 &	 Lenstra,	 2010;	 MacHugh,	 Larson,	 &	 Orlando,	
2017).	However,	approximately	1,500	years	 later	a	second	domes-
tication	 event	 took	 place	 in	 the	 Indus	Valley	 from	Bos primigenius 
nomadicus,	 separated	 from	 the	 taurine	 branch	 ~250–330,000	YA,	
eventually	 giving	 rise	 to	 the	 extant	 indicine	 cattle	 (Bos indicus),	
often	also	termed	zebu	cattle	(Loftus,	MacHugh,	Bradley,	Sharp,	&	
Cunningham,	1994).








Asia	 and	 Africa	 (Applegate,	 Gautier,	 &	 Duncan,	 2001;	 Grigson,	








corresponding	 signature	 of	 African/European	 divergence.	 These	
























2007).	 Taurine	 cattle	 may	 have	 also	 migrated	 along	 the	 northern	
coast	of	Africa,	eventually	crossing	into	the	Iberian	Peninsula	and	ad-
mixing	with	local	cattle	(Figure	1)	(Beja-	Pereira	et	al.,	2006;	Decker	
et	al.,	 2009).	 Similarly,	 indicine	 cattle	 also	 dispersed	 far	 beyond	
their	domestication	centre	 in	 the	 Indus	Valley,	 reaching	China	and	






chondrial	DNA	and	microsatellites)	generated	 insights	 into	 the	ge-
netics	underlying	the	domestication	history	and	postdomestication	









and	 taurine	 breeds	 (Supporting	 Information	 Table	 S1),	 to	 charac-
terize	 the	genetic	diversity,	population	structure	and	demographic	
history	 of	 extant	 cattle.	 To	 disentangle	 the	 long-	standing	 debate	










studies	 (Supporting	 Information	 Table	 S1;	 Bovine	 Hapmap	 et	al.	
2009;	 Decker	 et	al.,	 2009;	 Gautier,	 Laloë,	 &	 Moazami-	Goudarzi,	
2010;	 McTavish,	 Decker,	 Schnabel,	 Taylor,	 &	 Hillis,	 2013;	 Decker	
et	al.,	 2014;	 Mbole-	Kariuki	 et	al.,	 2014;	 Orozco-	terWengel	 et	al.,	
2015;	Park	et	al.,	2015;	Iso-	Touru	et	al.,	2016;	Upadhyay	et	al.,	2017;	
Pitt	et	al.,	2018).	After	removing	duplicated	copies	of	individuals,	the	
     |  3PITT eT al.
final	data	set	comprised	~54,000	SNPs	in	most	samples	and	corre-
sponded	to	3,196	individuals	representing	180	breeds/populations	
of	 both	 taurine	 (n = 2,041)	 and	 indicine	 (n = 408)	 cattle,	 including	
hybrids	 of	 the	 two	 subspecies	 (Supporting	 Information	 Table	 S1).	
Additionally,	 one	 individual	 was	 genotyped	 from	 the	 archaeologi-
cal	 remains	 of	 a	B. p. primigenius	 animal	 from	 England	 (Supporting	
Information	 Table	 S1;	 Park	 et	al.,	 2015)	 and	 used	 as	 an	 outgroup.	
The	UMD3.1	bovine	assembly	was	used	as	a	reference	to	map	the	
genomic	positions	for	each	SNP.	All	data	sets	were	merged	and	qual-
ity	 controlled	 using	 PLINK	 1.90	 (Chang	 et	al.,	 2015;	 Purcell	 et	al.,	
2007).	Across	 all	 breeds,	 only	 autosomal	 SNPs	were	 retained	 and	
any	locus	with	a	minor	allele	frequency	less	than	5%	and	a	call	rate	
less	than	90%	was	removed,	 leaving	8,081	SNPs	 (~8	k)	 for	 further	
analyses.
2.2 | Genetic variation and population divergence
The	 molecular	 inbreeding	 coefficient	 (FIS),	 and	 observed	 (Ho)	 and	




Welch’s	 t	 test	was	used	 to	 test	or	differences	between	He and Ho 
within	each	breed.	Admixture	v1.3	(Alexander,	Novembre,	&	Lange,	
2009)	was	used	to	assess	population	structure	 in	the	data	for	val-




















2.3 | Approximate Bayesian computation (ABC)
The	 domestication	 history	 of	 cattle	 was	 analysed	 with	 approxi-
mate	Bayesian	computation	(ABC)	as	implemented	in	the	software	
ABCtoolbox	(Wegmann,	Leuenberger,	Neuenschwander,	&	Excoffier,	
2010)	 with	 simulations	 generated	 using	 Fastsimcoal2	 (Excoffier,	
F IGURE  1 Hypothesized	main	domestication	sites	and	migration	routes	of	taurine	(Bos taurus)	and	indicine	(Bos indicus)	cattle,	including	
the	postulated	third	domestication	site	in	Egypt.	Lesser	migration	routes,	such	as	the	dispersal	across	Europe,	are	not	depicted
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Dupanloup,	Huerta-	Sánchez,	Sousa,	&	Foll,	2013;	Excoffier	&	Foll,	






















The	 underlying	 model	 used	 in	 the	 ABC	 analyses	 for	 the	 four	








tory	 patterns	 among	breeds	 (examples	 shown	 in	 Figure	2;	 full	 de-
tail	in	Supporting	Information	Figure	S1).	The	software	ABCtoolbox	
was	used	to	parametrize	the	models	to	be	simulated	and	to	control	
Fastsimcoal2	 for	 the	 random	 generation	 of	 the	 1	 million	 reverse	
coalescent	 simulations	 drawing	 parameter	 values	 from	 defined	
prior	distribution	ranges	for	each	scenario	(Supporting	Information	
Table	S2).	Based	on	a	 set	of	5,000	 randomly	selected	simulations,	
Spearman’s	 rank	 correlations	 between	 the	 34	 summary	 statistics	








tics	 calculated	 on	 the	 simulated	 data	 for	 each	 scenario.	 Posterior	
estimates	for	each	parameter	 in	each	scenario	were	obtained	with	
TABLE  1 Breeds	sets	used	on	the	modelling	of	domestication	history	of	cattle	with	approximate	Bayesian	computation	(ABC)
Breed seta TaurEU TaurAF ZebuAF ZebuAS
1 Normande	(NOR) Somba	(SOM) Zebu	from	Madagascar	(ZMA) Kankraj	(KAN)
2 Abondance	(ABO) N’dama	(NDA) Zebu	Fulani	(ZFU) Bhagnari	(BAG)
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ABCtoolbox	 using	 the	 1,000	 simulations	 that	 produced	 summary	
statistics	 closest	 to	 the	 observed	 data.	 The	 retained	 simulations	
were	 compared	 to	 the	 observed	 data	 under	 a	 generalized	 linear	
model	(GLM)	to	produce	a	posterior	probability	p-	value.	The	p- value 
is	 the	proportion	of	simulations	that	have	a	smaller	or	equal	 likeli-













TreeMix	 (Pickrell	 &	 Pritchard,	 2012)	 was	 used	 to	 address	 any	
ambiguity	 between	 ABC	 models	 differing	 by	 only	 migration.	 The	
three	 replicate	breed	sets	used	 in	 the	ABC	analyses	were	merged	
together,	 and	 a	 maximum-	likelihood	 tree	 was	 constructed	 using	




3.1 | Admixture and population structure
Admixture	 analysis	 of	 180	 populations	was	 performed	 for	 61	 dif-
ferent	values	of	K,	ranging	between	1	and	150.	The	CV	error	across	
all	individuals	was	lowest	at	K	=	70	(0.545)	(Supporting	Information	
Figure	 S2);	 however,	 56%	 of	 the	 reduction	 in	 CV	 error	 (CV	 error	
difference	 0.06)	 was	 observed	 from	 K	 1	 to	 5.	 At	 K	=	2,	 the	main	
separation	was	between	B. taurus and B. indicus	(Figure	3,	for	more	
information	on	 the	 breeds	 see	 Supporting	 Information	Figure	 S3),	
while	 for	K	=	3	the	African	taurine	breeds	formed	a	separate	clus-
ter	from	the	European	taurine	populations	(Figure	3).	K	=	4	showed	




more	similar	 to	each	other,	presenting	a	 similar	 level	of	admixture	
(data	not	shown).





of	 the	 cattle	 breeds	 (Figure	4).	 The	 African	 hybrids	 between	 tau-
rine	and	 indicine	breeds	were	placed	between	 the	African	 taurine	
and	the	African	indicine	populations,	while	the	Asian	hybrids	were	
placed	 between	 the	 European	 taurine	 and	 Asiatic	 indicine	 cattle.	
These	results	were	supported	by	the	breed	clustering	observed	 in	
the	 neighbour-	net	 analysis,	 which	 clearly	 separated	 Eurasian	 tau-
rine,	African	 taurine	 and	 the	 indicine	breeds.	African	 indicine	 cat-
tle	occurred	between	the	Asiatic	indicine	populations	and	the	area	
of	 the	network	where	 the	 taurine–indicine	hybrids	were	clustered	
(Figure	5).	Overall,	both	analyses	depicted	two	main	clusters	of	hy-
brids	between	B. taurus and B. indicus	 (Figures	4	and	5):	 (a)	African	
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Of	 the	 34	 summary	 statistics	 originally	 chosen	 for	 the	 ABC	
analyses,	17	were	removed	because	of	correlations	with	other	sta-
tistics,	for	example,	mean	number	of	alleles	per	locus	and	pairwise	






summary	 statistics	was	within	 the	95%	quantiles	of	 the	 simulated	
data	from	that	summary	statistics,	consistently	across	all	scenarios	
and	replicates.
The	 test	 of	 the	 first	 four	 scenarios	 showed	 a	 BF	>	3	 when	
comparing	scenarios	1	and	2	with	 two	domestication	events,	over	




were	 tested,	 scenarios	 with	 only	 two	 domestications	 were	 bet-
ter	 supported	 than	 those	with	 three	domestication	events	 in	gen-




Scenario	 8	 displayed	 high	 MD	 and	 p-	values,	 with	 the	 following	
features:	 (a)	 domestication	 occurred	 on	 two	 independent	 occa-




(Figure	6).	 The	MD	difference	between	 these	 three	 scenarios	was	
too	small	 to	discriminate	between	them	(i.e.,	BF	<	3;	Table	2),	with	
estimates	of	 the	posterior	distributions	of	parameters	 such	as	 the	
effective	 population	 size	 remaining	 relatively	 consistent	 across	 all	
three	 scenarios.	These	effective	population	 size	estimates	 suggest	
that	 following	 the	 divergence	 between	 the	 lineages	 that	 led	 the	








primigenius,	Bos indicus, Bos taurus and 
hybrids






























































































































































































































































Success	 in	 domesticating	 many	 species	 of	 animals	 and	 plants	 fa-
cilitated	 the	 gradual	 change	 in	 human	 societal	 behaviour,	 shifting	
from	 nomadic	 foragers	 and	 hunters	 to	 a	 sedentary	 farming	 soci-
ety	 (Diamond,	2002).	Cattle	provide	humans	with	 food,	hides	and	
draught	 power	 for	 farming,	 transport	 and	 construction.	 Animal	
husbandry	and	 food	production	may	have	contributed	 to	 the	 first	











potential	 issues	 regarding	 ascertainment	 bias	 associated	 with	 the	
SNP	arrays	used	in	this	study	(Gautier	et	al.,	2010;	Matukumalli	et	al.,	
2009;	 Orozco-	terWengel	 et	al.,	 2015),	 as	 reflected	 by	 the	 signifi-
cantly	higher	genetic	variation	within	taurine	cattle	when	compared	
to	indicine	breeds.	Higher	Ho	in	European	taurine	populations	and	a	




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































S1).	 Ascertainment	 bias	was	 reduced	 through	 removing	 a	 propor-
tion	of	the	markers	in	LD,	and	highly	correlated	markers	with	simi-
lar	genealogical	history	were	removed	from	the	data	set,	 reducing	





































































































10  |     PITT eT al.
for	example,	the	presence	of	known	hybrids	in	the	data	set,	low	sam-
ple	sizes	for	some	breeds	(n < 8),	or	the	presence	of	related	individ-
uals	 (e.g.,	 family	 structure)	 (Barbato	et	al.,	 2017;	Kijas	 et	al.,	 2012;	
McTavish	 et	al.,	 2013;	 Orozco-	terWengel	 et	al.,	 2015).	 This	 effect	
may	 be	 further	 exacerbated	 due	 to	 shared	 genetic	 variation	 and	
















Asian	 genomic	 components,	 respectively	 (Figure	3).	 Interestingly,	
for	 low	 clusters	 (K	=	2–4),	 African	 hybrids	 display	 similar	 propor-
tional	ancestry	to	African	indicine.	The	introgression	of	indicine	into	
African	taurine	cattle	is	predicted	to	have	initially	occurred	~4,000	
YA,	 resulting	 in	 a	 consistently	 high	 indicine	 component	 within	
African	hybrid	cattle	(Bahbahani	et	al.,	2017),	possibly	reinforced	by	
modern	admixture	with	African	indicine.
The	 neighbour-	net	 and	 MDS	 analyses	 identified	 similar	 pat-
terns	 of	 divergence	 between	 indicine	 and	 taurine	 populations	
(Figures	4	and	5).	The	first	two	components	of	variation	in	the	MDS	
analysis	 also	 identified	 the	 taurine	vs.	 indicine	 (~31%)	 and	African	
vs.	 Eurasian	 taurine	 (~15%)	 splits.	While	 the	division	between	 the	
taurine	groups	explained	much	 less	genetic	variance	than	the	first	




pools.	 In	contrast	 to	 this,	African	 indicine	populations	strongly	 re-
sembled	Asiatic	 indicine	breeds.	The	relatively	short	distances	be-









Crescent	 (Decker	 et	al.,	 2014;	 Karimi	 et	al.,	 2016;	 Loftus	 et	al.,	




to	 Eurasian	 taurine	 groups	 in	 the	MDS	 analysis.	 Although	Decker	




for	African	aurochs—often	classified	as	B. p. africanus or B. p. opist-
honomous	 (Clutton-	Brock,	 1999).	 Similar	 to	 the	 Admixture	 results	




in	 the	 formation	 of	 those	 hybrid	 breeds,	 as	 opposed	 to	American	
hybrids	 that	 displayed	 higher	 influences	 from	 European	 taurine	
breeds.	The	genetic	 composition	of	Asian	hybrids	 (QIN,	 LUX)	was	
more	balanced	between	Asian	 indicine	 and	 taurine	origins.	As	ex-
pected,	 Creole	 cattle	were	 placed	 closer	 to	 the	 European	 taurine	
cluster	(Decker	et	al.,	2014;	Martínez	et	al.,	2012;	Pitt	et	al.,	2018),	
and	American	 indicine	 cattle	 clustered	with	Asian	 indicine	 breeds	
(Orozco-	terWengel	et	al.,	2015).
The	 substantial	 differentiation	 between	 the	 European	 and	
African	 taurine	 populations	when	 compared	 to	 African	 and	 Asian	
indicine	groups	may	be	explained	by	several	factors,	such	as	lower	
gene	 flow	 between	 Africa	 and	 Europe	 than	 between	 Africa	 and	
Asia	or	a	more	recent	divergence	of	indicine	cattle.	Another	expla-
nation	may	be	a	 stronger	effect	of	genetic	drift	 in	African	 taurine	
populations	 with	 respect	 to	 Eurasian	 taurine	 or	 indicine	 popula-













The	 hypothesis	 of	 an	 additional	 domestication	 event	 in	 Africa	
from	local	aurochs	has	been	also	proposed	to	explain	the	large	differ-
ence	between	taurine	branches.	We	explicitly	tested	the	hypothesis	
of	whether	 three	domestication	events	better	 explain	 the	 genetic	







the	 latter	 received	 stronger	 support	 (BF	>	3)	 (Table	2).	 The	 rejec-
tion	of	a	hypothesized	third	domestication	suggests	an	alternative	
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explanation	 for	 the	 differences	 observed	 between	 African	 and	
Eurasian	taurine	populations:	admixture	between	migrating	domes-
tic	 cattle	 from	 the	Middle	 East	 and	 indigenous	African.	Domestic	
cattle	and	their	wild	relatives	occupied	the	same	geographic	regions	
for	a	long	period	of	time,	which	raises	the	possibility	that	both	tau-
rine	 and	 indicine	 cattle	 naturally	 hybridized	 with	 aurochs	 or	 that	
local	farmers	mixed	them	with	local	aurochs	to	restock	their	herds	




distinct	 from	 those	 in	extant	cattle	 samples	 (Edwards	et	al.,	2010;	
Götherström	 et	al.,	 2005;	 Schibler,	 Elsner,	 &	 Schlumbaum,	 2014;	
Troy	et	al.,	2001).	However,	there	is	evidence	of	gene	flow	from	wild	
aurochs	prior	to	the	extinction	(~400	YA)	into	extant	cattle	in	areas	
such	 as	 Italy,	 Iberia,	 southern	 Europe	 and	 the	 British	 Isles	 (Achilli	
et	al.,	2008;	Park	et	al.,	2015;	Upadhyay	et	al.,	2017).	These	results	
















successful	 and	 trying	 to	 define	 the	 presence	 or	 manner	 of	 mi-
gration	between	other	groups	only	yielded	 insignificant	changes	
between	models.	This	could	be	due	to	the	difficulty	in	accurately	
reconstructing	 demographic	 history	 and	 model	 differentiation,	
for	 example,	 divergence	 and	 gene	 flow	 can	 be	 indistinguishable	
to	 isolation	 followed	by	 secondary	 contact,	 or	 brief	 bottlenecks	
remaining	 unidentified	 if	 preceded	 by	 large	 expansions	 due	 to	
the	 increased	 genetic	 diversity	 (Gray	 et	al.,	 2014;	 Rougemont	
et	al.,	 2016).	 These	 limitations	 restrict	 the	 intrinsic	 complexity	
in	 the	models,	 ideally,	 events	 such	 as	 divergences	 and	 domesti-
cation	 would	 be	 reconstructed	 as	 gradual	 processes	 occurring	
over	many	generations	as	cattle	were	shifted	from	prey	animals,	
to	managed	herds,	to	captive	bred	stock	(Larson	&	Burger,	2013).	
Despite	 efforts	 to	 limit	 overparameterization	 by	 reducing	 the	
ranges	of	many	parameters,	both	the	number	of	prior	parameters	




methodology	 to	define	 increasingly	more	complex	models.	 “Less	
favourable”	models	were	 rejected	 at	 each	 step	 to	 constrain	 the	
otherwise	very	 large	number	of	models	simulated.	Although	this	
saves	significant	time	and	resources,	it	is	built	on	the	assumption	
that	 discarded	 models	 will	 never	 be	 viable	 regardless	 of	 alter-
ations;	unfortunately,	 this	compromise,	along	with	 the	 reduction	




in	ABC	scenario	8	 (Figures	6	and	7)	 and	explained	up	 to	99.78%	
of	 the	variance	 in	 the	 tree.	Adding	a	 fourth	migration	edge	mar-
ginally	 increased	 the	explanation	of	 the	variance	 in	 the	 tree	and	
corresponded	to	a	weak	migration	edge	from	TaurEU	into	ZebuAS.	
Overall,	this	supports	the	ABC	results	and	indicates	that	the	more	
important	 gene	 flow	 between	 populations	 occurred	 between	

















migenius	 domestication	 in	 Egypt	 and	 suggesting	 the	 subsequent	
hybridization	 from	 local	 aurochs	 to	 explain	 the	 additional	 genetic	
variation	detected.	 Further	 analysis	 exploring	more	domestication	
situations,	particularly	focussed	on	migration	between	groups	(e.g.,	
African	 indicine	 and	 European	 taurine	 cattle),	 will	 help	 to	 disen-
tangle	 the	 complex	 human-	mediated	 microevolution	 of	 domestic	




mestic	 cattle	will	 provide	 the	data	 required	 to	 fully	 address	 these	
questions.
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